Background: NHBA, a surface-exposed lipoprotein from Neisseria meningitidis, is part of a multicomponent vaccine against serogroup B meningitis. Results: We have solved the structure of a conserved C-terminal domain that adopts a ␤-barrel fold and seems to be the only independently folded region of the protein.
The three main antigens composing the MenB vaccine are NadA, fHBP, and NHBA (8) . NadA (Neisseria adhesin A) is an outer membrane protein with trimeric structure that belongs to the OCA protein family (oligomeric coiled-coil adhesins), a group of autotransporters that mediates oligomerization involved in adhesion to host cells (9) . fHBP (factor H-binding protein) is a bactericidal surface-exposed lipoprotein able to bind human factor H. Structural studies have shown that fHBP contains two domains each folded in a "handled ␤-barrel," consisting of a classical ␤-barrel that is preceded by an all-␤ motif, which packs against the barrel. The protein is connected to the membrane by a flexible linker, which leaves it mostly solvent exposed (10, 11) . Immunological and structural studies showed that most of the bactericidal epitopes of fHBP are located in the carboxyl-terminal ␤-barrel (8, 9, (12) (13) (14) (15) (16) (17) (18) (19) . The structure of the fHBP in complex with factor H was solved by x-ray crystallography and shows that interaction between the two proteins involves residues from both fHBP domains (20) . Although these main allergens are at least partially characterized from the structural and immunological point of view, little is known about the third one.
NHBA (Neisseria heparin binding antigen, also named GNA2132) is a surface-exposed lipoprotein that is present in all N. meningitidis strains so far analyzed. The antigen induces cross-bactericidal activity in humans and animals and is recognized by sera of patients after meningococcal disease (21) (22) (23) (24) . The protein contains an arginine-rich region that mediates heparin binding in vitro, a property that correlates with increased survival of N. meningitidis in human serum (24) . This evidence suggested the hypothesis that heparin could either mimic other important negatively charged partners or mediate the interaction with factor H and other complement components. NHBA is the target of two proteases: the meningococcal NalP and human lactoferrin, with the proteolytic sites being, respectively, located immediately upstream and downstream to the arginine-rich motif. This implies that both the host and the pathogen are able to produce fragments containing the highly conserved C terminus, which could then have an independent functional role also when not anchored to the membrane (24) .
Here, we present a structural characterization of the C-terminal region of NHBA based on sequence analysis, circular dichroism (CD), and nuclear magnetic resonance (NMR) studies. We show that although the N terminus of NHBA is annotated as an intrinsically unfolded region by the most common prediction methods, the C terminus has all the features of an independently folded globular domain. Accordingly, we have solved the solution structure of the C-terminal domain and shown that it consists of an 8-stranded ␤-barrel. Based on a number of different structural parameters, we propose that NHBA is evolutionarily related to the other MenB vaccine antigen fHBP and to transferrin-binding protein B (TbpB), although likely with a divergent function. Our findings add new insights for understanding the structural properties of this important vaccine antigen and constitute the basis for future immunological studies.
MATERIALS AND METHODS
Sequence Analysis-Sequence homology was searched by BLAST2. The NHBA sequence was submitted to several World Wide Web servers for prediction of intrinsically unfolded regions: DisEMBL, GlobPlot, DISOPRED2, IUPred, and PONDR. Secondary structure prediction was achieved by standard bioinformatic tools using JPred3, PHD, and PSIPRED freely available on the World Wide Web.
Sample Production-The production of recombinant NHBA and its fragments has been described elsewhere (25) . In short, the NHBA gene, cloned in a pET21bϩ vector (Novagen), was expressed in Escherichia coli BL21(DE3)-pLysS. Uniformly 15 N, 13 C-labeled NHBA samples were produced by growing cells at 37°C in M9 minimal medium, enriched with 1 g/liter of 15 N-labeled ammonium sulfate and 4 g/liter of [U-2 H, 13 C]glucose (Cambridge Isotope Laboratories). The proteins were induced with 1 mM isopropyl ␤-D-thiogalactopyranoside and expressed for 4 h. The cell pellets were suspended in 50 mM sodium phosphate buffer at pH 8 and lysed by lysozyme. Because all constructs were fused with a His 6 tag (usually C-terminal except for C4 in which it was N-terminal and cleavable), they were purified in two steps by affinity chromatography, using nickel-nitrilotriacetic acid and cation exchange columns equilibrated in 50 mM sodium acetate, pH 5.5. Sample purity and identity were checked by SDS-PAGE and electrospray mass spectrometry, respectively.
Circular Dichroism Measurements-Far UV CD spectra were recorded on a Jasco J-715 spectropolarimeter in the spectral range 195-250 nm. The near UV CD spectra of proteins were recorded in the spectral range between 250 and 340 nm. Thermal denaturation was followed by monitoring the far UV CD signal at 222 nm while changing the temperature from 2 to 95°C at 1°C/min. All measurements were performed at 20°C in 20 mM Tris-HCl, pH 6.8, 100 mM NaCl. Dodecylphosphocholine (DPC) (up to 10 mM) was added to the solutions when exploring the effect of detergents.
NMR Experiments-NMR samples typically contained 0.5 mM protein concentrations (95% H 2 O, 5% D 2 O) in 20 mM TrisHCl, pH 7, and 50 mM NaCl. Different detergents (CHAPS, lauryl dimethylamine oxide, dimyristoylphosphatidylcholine, and DPC, all purchased from Aldrich) were added to these solutions for screening purposes. Structure determination was achieved in solutions to which 30 mM DPC was added. The spectra were recorded at 40°C on Bruker Avance spectrometers operating at 600 and 700 MHz and equipped with a cryoprobe. Data were processed with NMRPipe/NMRDraw (26) and analyzed with Sparky (51) . Intermolecular interactions between NHBA and DPC were identified using a three-dimensional 13 15 N-HSQC spectra recorded immediately after redissolving the freeze-dried protein. A hydrogen bond restraint involving a slowly exchanging proton was added only if a hydrogen bond was also consistently observed in at least 50% of the initial structures inspected.
Structure Calculations-Structure calculations were performed by using the ARIA program (version 1.2) (29) . Twenty structures were calculated by simulated annealing at each ARIA iteration using the standard CNS protocol (30) . Floating assignment for prochiral groups and correction for spin diffusion during iterative NOE assignment was applied (31, 32) . At the end of each iteration, the best seven structures in terms of the lowest global energy were selected and used for the assignment of additional NOEs during the following iteration. In the final ARIA run, the number of structures generated in iteration 8 was increased to 100. After refinement by molecular dynamics simulation in water (33) , the 20 lowest energy structures were selected as representative and used for statistical analysis. The ARIA input used to generate the final bundle of structures consisted of about 50% manually assigned NOE cross-peaks from 15 N-and 13 C NOESY-HSQC spectra, manually picked to exclude noise and artifacts deriving from spin diffusion effects, along with and dihedral angles, hydrogen bonds, and a chemical shift assignment. The root mean square deviation calculated by superimposing the backbone atoms of the structured regions was 0.54 Ϯ 0.10 Å. In the final iteration, 1637 unambiguous and 116 ambiguous NOEs were assigned. Among the 1753 total NOEs, 638 were intraresidue, 430 sequential, 75 and 610 medium and long range distances, respectively. Molecular visualization and graphics were prepared with MolMol (34). The coordinates are available from the PDB data base with accession name 2lfu.
Heparin Titrations-Samples of NHBA_C1 and NHBA_C2 (0.5 M) were titrated with heparin (average molecular mass of 5 kDa, Fisher Bioreagents) at molar ratios of 0.01, 0.02, 0.05, 0.1, 0.2, 0.25, 0.3, 1.0, and 2.0. The titrations were followed by recording NMR spectra on a 600 MHz Bruker Avance at 40°C.
RESULTS

The N Terminus of NHBA Contains Potential Intrinsically
Unstructured Regions-The sequence of NHBA differs only slightly among different N. meningitidis strains ( Fig. 1 and supplemental Fig. S1 ). The maximal variability is observed in the N terminus of the protein, which also contains several insertions/ deletions. We selected the NHBA amino acid sequence of the 2996 strain for this study (23) and analyzed it with various bioinformatics software. Independent methods all suggest that the N terminus of NHBA, up to approximately residue 200 -250, is mostly unstructured (supplemental Fig. S2 ): this region is rich in small hydrophilic and hydrophobic amino acids (e.g. alanines, asparagines, and serines) and contains different low complexity sequences (e.g. polyglycine and polyserine motifs). Among the latter motifs, it should be mentioned that the arginine-rich region present around residues 235-245 is known to mediate interaction with heparin (24) . The cleavage sites of NalP and lactoferrin are directly contiguous to the argininerich motif. Thus, although we cannot exclude that some shorter stretches could be structured in the context of the full-length protein, the N-terminal region has the most features of an intrinsically unfolded region (35) . The C terminus of the protein has instead strong ␤-propensity and shares distant but clear homology with the sequence of TbpB and with fHBP. Based on this study we decided to characterize structurally protein constructs spanning only the C terminus of the protein. 
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The C Terminus of NHBA Forms a Domain with an All-␤-foldWe characterized a construct of the 2996 strain that starts at the ferrolactin cleavage site at Ser-245 (SLPAE) and covers up to the end of NHBA (hereafter indicated as NHBA_C1) followed by a noncleavable C-terminal histidine tag (LEHHHHHH). The secondary and tertiary structures of this construct were, respectively, investigated by far and near UV CD. The far UV CD spectrum of NHBA_C1 has features typical of a ␤-rich protein with a minimum around 218 nm and a maximum at 230 nm ( Fig. 2A) . A positive band around this wavelength has been attributed to packing/stacking of aromatic residues (36) . The near UV CD spectrum confirms that NHBA_C1 is folded having an intense positive ellipticity in the 280 -300 nm range, which is indicative of Tyr and Trp residues embedded in a compact, well defined tertiary structure (Fig. 2B) (37) . A lower positive ellipticity in the Phe region (250 -270 nm) of the spectra was also observed. Thermal unfolding curves followed by both near and far UV CD indicate a high stability because the spectra remains invariant up to temperatures as high as 90°C (supplemental Fig. S3) .
NHBA Constructs Are Heterogeneous in Solution-The NMR spectrum of NHBA_C1 confirmed that the construct is an independently folded domain with an overall excellent dispersion of the resonances (Fig. 2C) . However, we realized very early on that the number of resonances present in the 15 N-HSQC spectrum, which represents the protein fingerprint, contained at least 10 -20% resonances more than expected, suggesting the presence in solution of different forms. Particularly diagnostic was, for instance, the resonance that resulted that corresponds to residue 287 (12.1 and 128.5 ppm), which was clearly doubled.
To understand the origin of this heterogeneity, we first ensured that the protein preparations were chemically homogeneous. We tested this hypothesis both by mass spectrometry and amino acid analysis. Both techniques evidenced the presence of some N-terminal degradation with 1-3 amino acids cleaved off (data not shown). However, the degree of this spontaneous proteolysis did not correlate with the relative populations observed by NMR. A second possibility to explain our data were a different degree of mono-/polydispersity. To test this hypothesis we studied the size exclusion chromatography profile of NHBA_C1 but found no clear evidence for different molecular weight species (supplemental Fig. S4 ).
We then explored whether the choice of the domain boundaries could have an effect on the NMR spectrum. Different constructs were produced by extending or truncating the N terminus of the NHBA_C1 construct (Fig. 1) . One of the constructs (NHBA_C4) was designed with a cleavable N-terminal His tag so that, once the tag was cleaved off, the protein would have no added residues. Another construct (NHBA_C3) excluded the proline-rich stretch present between residues 245 and 254, thus reducing the danger of cis/trans isomerization. A longer construct (NHBA_C2) coincided with the NaIP proteolytic fragment and included 14 additional N-terminal amino acids that had been shown to be important for heparin binding (24) . However, despite these efforts, all constructs invariably contained at least two distinct species.
After lengthy screening in which the effect of different experimental parameters (e.g. pH, ionic strength, metal binding, buffer composition, etc.) was probed, we reasoned that in nature the protein is close to the lipid membrane of the bacterium or may interact with the lipid membrane of the host once released by proteolytic cleavage. The NHBA fold could therefore be influenced by the presence of detergents. We found that addition of an excess of DPC (30 mM) or other similar detergents (e.g. CHAPS, dimyristoylphosphatidylcholine, lauryl dimethylamine oxide) was sufficient to obtain a spectrum with only one set of resonances, thus leading to a significant simplification of the NMR spectrum whereas leaving the far-UV CD spectra essentially invariant (Fig. 2, A and D) . The detergents caused a small enhancement of the positive ellipticities in the Phe-Tyr region of the near UV CD spectrum (260 -280 nm), suggesting that Tyr and Phe exposures are affected by detergent binding (Fig. 2B) . No significant changes were revealed in the near UV Trp region (290 nm). We used these conditions in all subsequent structural studies.
NHBA_C1 Has a ␤-Barrel Fold and Belongs to the Lipocalin Superfamily-
Once it was shown that DPC was able to abolish NHBA_C1 polydispersity, we determined the structure of this protein construct. Overall, the resonance line widths in DPC were slightly increased as compared with those in aqueous buffer. This is in agreement with the increased molecular weight caused by the presence of the detergent. The spectra were thus recorded at 40°C to improve spectral resolution. As discussed elsewhere (25) , the first 33 residues could be barely identified in the spectra and for most of them no assignment was possible presumably because of line broadening due to conformational or chemical exchange. Of the remaining 153 residues more than 94% of the backbone resonances and more than 87% of the side chain resonances were unambiguously assigned. Exceptions were Met 363 , Lys 367 , Phe 368 , and Tyr 407 -Glu 413 . These residues are all in loop regions that can therefore be expected to be more flexible.
Structure determination was achieved by standard methods. The NHBA_C1 structure is a ␤-barrel with 8 anti-parallel strands stabilized by a hydrogen bond network that links the ␤-strands (Fig. 3, A and B) . This fold is very common in nature. It occurs, among others, in the lipocalin superfamily, a class of proteins that transport small hydrophobic molecules such as steroids, bilins, retinoids, and lipids (38, 39) .
Dynamical Properties of NHBA-The dynamical properties of NHBA_C1 were probed by NMR relaxation studies. The T 1 , T 2 , and NOE values are relatively flat over the range from residue 315 to the end with some minor variability in correspondence to loops (supplemental Fig. S5 ). Also there are a few unassigned residues in the loops, suggesting that they have quite different dynamic properties and are probably in a conformational exchange. The T 1 and T 2 values of residues 279 -314 present larger variability. Among this range, residue 287 is by far the largest outlier. The heteronuclear NOE values also support a higher mobility of the N-terminal tail, although they remain all positive with the only exception for residue 324.
Structural Homology with Other Proteins of N. meningitidis-A DALI search for structural similarities with other proteins (40) identified the B domain of the TbpB from the porcine pathogens Actinobacillus pleuropneumoniae and suis (PDB 3hol and 3pqs) as the two highest hits, having Z scores of 10.7-10.2 and root mean square deviations of 3.6 -5.5 Å (depending on the subunit) (41, 42) . These proteins contain two nonidentical repeats likely created by gene duplication. Each repeat folds in a handled ␤-barrel and is disposed at approximately a right angle from the other repeat. Among the highest hits (Z score 10.2-9.9) is also the N. meningitidis fHBP in both its free and factor H-bound forms (10, 11, 43 ). This protein, previously identified as GNA1870, has architectural features similar to 
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those of NHBA with a C-terminal domain consisting of an 8 ␤-strand anti-parallel ␤-barrel. Another interesting hit, albeit more distant, is the N. meningitidis NspA, a ␤-barrel outer membrane protein belonging to the Opa family of lipocalins that mediates adhesion to host cells (44) .
NHBA, fHBP, and TbpB Are Likely to Share a Common Ancestor-In agreement with the DALI scores, detailed structural analysis suggests maximal similarity between NHBA, fHBP, and both ␤-barrels of TbpB (Fig. 4, top panel) . NspA has instead longer strands overall and is more compact, also having shorter and more rigid loops. This is in agreement with the assumption that, in vivo, NspA is totally embedded in the outer membrane, whereas the other three proteins are surface-exposed. It has already been noticed that NspA, as other canonical lipocalins, has a more hydrophobic surface thus being able to establish hydrophobic interactions with the aliphatic chains of membrane phospholipids (43, 44) . Accordingly, the crystal structure of NspA contains four detergent molecules bound to the barrel surface.
NHBA, fHBP, and TbpB share not only the ␤-barrel fold but also other more subtle structural features. These include the presence of a one turn N-terminal helix, which packs against one of the barrel extremities and a semiconserved cluster of glycines and small amino acids on the barrel facing the "handle" domain. Based on these observations, we propose that NHBA, fHBP, and TbpB do not only share the same fold but form a distinct subfamily that has evolved from a common ancestor.
We then wondered whether the proteins could share similar functions and/or immunologic properties. A sequence alignment based on the structural similarity of only the ␤-barrel regions leads to sequence alignments with 22-28% homologies (Fig. 4, bottom panel) . We used this alignment to assess the degree of conservation of residues of fHBP and TbpB important for interaction or immune response. Interaction to factor H involves an extended surface of fHBP, which involves both the handle and barrel moiety (20) (Fig. 4) . None of these residues are conserved in NHBA. Substantial sequence diversity is also observed at positions that form a conformational epitope on fHBP (45) . Likewise, transferrin binds the N-terminal repeat of its receptor and interacts with the tip of the barrel as demonstrated by mutations of Phe 58 , Lys 61 , and Phe 171 , which are sufficient to abolish or drastically reduce binding (41) . Of these residues only the latter is in the barrel and is absent in NHBA. We must therefore conclude that, despite the common origin, the three proteins have significantly diverged and gained functional specificity.
Exploring the Role of Detergents on the NHBA Fold-We then wondered about the role of lipids in stabilizing the NHBA fold. To get further clues on the matter, 15 N-labeled NHBA_C1 was titrated with different detergents to identify the region(s) (40) . From left to right, the C-terminal domain of NHBA, x-ray structure of fHBP (PDB 3kvd), and the N-and C-terminal repeats of TbpB (PDB 3hol) and NspA (PDB 1p4t). The side chains of residues involved in factor H binding (20) or forming a conformational epitope (11) are indicated in red and green, respectively, on the fHBP structure. The side chains of residues involved in transferrin binding are indicated in magenta on TbpB. Bottom, structural sequence alignment of the subfamily containing NHBA, TbpB, and fHBP based on the indicated Protein Data Bank structures. The residues involved in immune response and in factor H and transferrin binding are indicated using the same color coding adopted in the top panels. . These data, together with 15 N, 13 C filtered experiments using double labeled protein and unlabeled DPC, confirmed that detergent binds at the interface between the ␤-barrel and N terminus (Fig. 5A) . The regions affected by DPC binding correlate well with charged regions on the protein surface. In agreement with these observations is the small enhancement of the positive ellipticities observed in the PheTyr region of the near UV CD spectrum (Fig. 2B ). This effect suggests that the exposure of these aromatic residues is affected by detergent binding.
These results confirm that DPC does not insert into the barrel cavity as has been observed in other lipocalins (38, 39) and suggests that its role in the full-length protein could be that of stabilizing the disordered N terminus and promoting the adoption of a similar structure to that observed in the other handled barrels of the subfamily.
Understanding the Involvement of NHBA in Heparin BindingFinally, we tested our NHBA constructs for heparin binding. We used low ionic strength to enhance any effect. The spectrum in DPC of NHBA_C1 remains invariant up to an excess of a 5:1 heparin:protein ratio, in agreement with previous plasmon resonance studies suggesting that heparin binding requires the arginine-rich region around residues 235-245 (24) . These residues are absent in NHBA_C1. Addition of even small amounts of heparin to NHBA_C2 causes instead considerable reduction of the peak intensities as expected upon formation of an increased molecular weight complex and disappearance of several resonances (Fig. 5B) . The effect reaches a plateau already at about 1:10 heparin:protein molar equivalents. These results confirm previous studies and show that the arginine-rich region is necessary and sufficient for binding.
DISCUSSION
The standing threat constituted by meningitis keeps imposing the need of new vaccines able to immunize children and young adults against all serogroups of the Neisseria pathogen. Although effective vaccines are now available against meningitis serogroups A, C, W135, and Y, MenB is still an unsolved medical problem (4). MenB vaccines have been recently proposed for clinical development (46, 47) . A multicomponent 4CMenB vaccine shown to be safe and immunogenic in adults, adolescents, and infants contains three main vaccine antigens, NadA, fHBP, and NHBA in combination with outer membrane vesicles (21) . The genes coding for these antigens have been analyzed in a large panel of strains collected worldwide and the antigens studied for their expression, functional, and immunogenic properties, although only the structure of fHBP has been so far available (48, 49) .
Here, we have structurally characterized the C-terminal region of NHBA in the long term attempt of understanding the structure/ immunogenicity relationship of this protein and, more in general, the factors that make a protein a good potential vaccine candidate. Through sequence analysis, we show that NHBA contains two distinct regions: an N terminus with features of an intrinsically unfolded region, and a structured C-terminal globular domain with detectable homology with other Neisseria proteins. Interestingly, whereas the N terminus shows some sequence variability, the domain is well conserved among MenB strains.
We have experimentally tested these predictions by characterizing constructs of different lengths spanning the C-terminal domain and confirmed that it is stably folded in an 8-stranded ␤-barrel. This fold is typical of lipocalins and is shared by other N. meningitidis proteins, such as the homologous fHBP and TbpB proteins and the outer membrane protein NspA. Is this similarity due to divergent or convergent evolution, and which role does a ␤-barrel structure play for the cellular role of these proteins and their immunogenicity? Subtle but clear indications indicate that NHBA closely shares its detailed structural features with fHBP and TbpB suggesting a common ancestor. NspA and other similar outer membrane proteins of N. meningitidis, on the other hand, seem to form a distinct family: the barrel of NspA is more compact, with shorter and more rigid loops and, as already previously noticed, more exposed hydro-phobic residues. Structural similarity of NHBA with this protein is therefore suggestive of a convergent evolution. Nonetheless, despite the similarity, no common functional behavior is likely to be shared between NHBA, fHBP, and TbpB: the surfaces involved in partner recognition in fHBP and TbpB are not conserved in NHBA so that this protein must have evolved to fulfill a distinct role.
Could the difficulties encountered in structure determination of NHBA reflect its functional role? All tested NHBA constructs were mixtures of different populations regardless of the experimental conditions and the chosen domain boundaries. This is strongly at variance with fHBP, which posed no difficulties in an analogous study (10, 43) . It was only by studying NHBA in a lipid environment that we could finally overcome sample heterogeneity and obtain a single species. Our data thus suggest that when expressed on the meningococcus surface the protein binds a yet unidentified co-factor that, in the recombinant protein, does not quantitatively resist purification thus leading to different protein populations. This possibility and the hypothesis that the co-factor is a lipid are well in agreement with the evidence that NHBA is a lipoprotein attached to the bacterial lipid surface but otherwise surface exposed. Furthermore, NHBA is immunogenic in patients recovering from the disease thus suggesting that it is expressed during infection. Therefore, we cannot exclude that interaction with lipids might also be important for its functionality within the host. Identification of the co-factor will be valuable to shed further light on the structure-function relationship of this protein. Another possibility in no way mutually exclusive with the previous one is that, in the full-length protein, distal regions of the N terminus fold by packing against the C-terminal domain and stabilize the fold.
Also interesting will be understanding whether the NHBA proteolytic fragments have any activity in the interaction with the host cells. NHBA is able to induce bactericidal activity against homologous and heterologous strains, suggesting the presence of multiple epitopes. Because previous studies have indicated that cleavage of the C-terminal domain does not influence susceptibility of the strain to bacterial killing (24) , many of the bactericidal epitopes are likely to be located in the N terminus of the protein. However, it cannot be excluded that NHBA cleavage and full-length synthesis are dynamic processes so that the full-length protein is always present on the bacterial surface as a target for the bactericidal antibodies. Further analysis to map the bactericidal epitopes is currently ongoing in our laboratories.
In conclusion, by adding a new member to the family of lipoproteins with a ␤-barrel fold we have provided new evidence about the importance of this fold in the immunogenic properties of N. meningitidis proteins. Future studies, which can now be guided by the structural characterization of NHBA presented here, will bring new insights into the relationship between structural, functional, and immunological properties of this important antigen
